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Abstract Nocardia species are ubiquitous in the 
environment with an increasing number of species 
isolated from clinical sources. From 2005 to 2009, eight 
isolates (W9042, W9247, W9290, W9319, W9846, 
W9851 T , W9865, and W9908) were obtained from eight 
patients from three states in the United States and 
Canada; all were from males ranging in age from 47 to 
81 years old; and all were obtained from finger (n = 5) 
or leg {n = 3) wounds. Isolates were characterized by 
polyphasic analysis using molecular, phenotypic, mor¬ 
phologic and chemotaxonomic methods. Sequence 
analysis of 16S rRNA gene sequences showed the eight 
isolates are 100 % identical to each other and belong in 
the genus Nocardia. The nearest phylogenetically 
related neighbours were found to be the type strains 
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for Nocardia altamirensis (99.33 % sequence similar¬ 
ity), Nocardia brasiliensis (99.37 %), Nocardia iowen- 
sis ( 98.95 %) and Nocardia tenerifensis (98.44 %). The 
G+C content of isolate W9851 was determined to be 
68.4 mol %. The DNA-DNA relatedness between 
strain W9851 and the N. brasiliensis type strain was 
72.8 % and 65.8 % when measured in the laboratory 
and in silico from genome sequences, respectively, and 
95.6 % ANI. Whole-cell peptidoglycan was found to 
contain me so- diaminopimelic acid; MK-8-(H 4 ) co _ cyc 
was identified as the major menaquinone; the major 
fatty acids were identified as C 16:0 , 10 Me C 18;0 , and 
Ci 8:t w 9 c? the predominant phospholipids were found to 
include diphosphatidylglycerol, phosphatidylethanol- 
amine, phosphatidylinositol and phosphatidylinositol 
mannosides; whole-cell sugars detected were arabinose 
and galactose; and mycolic acids ranging from 38 to 60 
carbon atoms were found to be present. These chemo¬ 
taxonomic analyses are consistent with assignment of 
the isolates to the genus Nocardia. Matrix-assisted laser 
desorption ionization-time of flight (MALDI-TOF) 
mass spectra of the clinical isolates showed genus and 
species level profiles that were different from other 
Nocardia species. All isolates were resistant to cipro¬ 
floxacin, clarithromycin and imipenem but were sus¬ 
ceptible to amikacin, amoxicillin/clavulanate, linezolid 
and trimethoprim/sulfamethoxazole. The results of our 
polyphasic analysis suggest the new isolates obtained 
from wound infections represent a novel species within 
the genus Nocardia , for which the name Nocardia 

rp 

vulneris sp. nov. is proposed, with strain W9851 
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(= DSM 45737 t = CCUG62683 T = NBRC 108936 T ) 
as the type strain. 

Keywords Nocardia vulneris • Polyphasic analysis • 
Wet-lab • In-silico DDHs • Actinomycetes • Wound 
infection 


Introduction 

The genus Nocardia , established by Trevisan (1889) is 
comprised of Gram-stain positive, weakly acid-fast, 
aerobic, nonmotile, saprophytic bacteria. At present, 
there are 87 Nocardia species with validly published 
names List of Prokaryotic Names with Standing in 
Nomenclature (http ://w ww .bacterio .net/nocardia/) . 

While the majority live in the soil or water as sapro¬ 
phytes, over 30 species have been reported to be 
responsible for human infections. The major clinical 
manifestations for nocardiosis include the pulmonary 
and central nervous system, systemic or disseminated, 
and cutaneous infections. Cutaneous nocardiosis is 
believed be the result of primary infection due to trauma 
or puncture, or from a disseminated infection (Corti and 
Fioti 2003; Yamaguchi et al. 2013). Following a retro¬ 
spective analysis of 16S rRNA gene sequence data 
obtained from clinical isolates submitted to the Special 
Bacteriology Reference Laboratory (SBRL) for identi¬ 
fication from 2005 to 2009, we identified eight clinical 
isolates that suggested a novel pathogenic Nocardia 
species. The purpose of our investigation was to clarify 
the taxonomic position of these clinical isolates using 
molecular, phenotypic, morphologic and chemotaxo¬ 
nomic analysis. Analysis was consistent with the con¬ 
clusion that the eight clinical isolates are members of a 
new species of the genus Nocardia for which Nocardia 

r p 

vulneris is the proposed name with isolate W9851 
(= DSM45737 t = CCUG 62683 T = NBRC 108936 1 ) 
being the type strain. 


Materials and methods 

Bacterial strains and culture 

Between 2005 and 2009, eight clinical isolates, 
W8477, W9247, W9290, W9319, W9846, W9851 T , 


W9865 and W9908 were obtained from wound 
infections from patients in three states in the United 
States and Canada. All isolates were sent to the SBRL 
at the Centers for Disease Control and Prevention for 
identification; five isolates, (W9247, W9290, W9319, 
W9865 and W9908) were obtained from finger 
wounds, and three isolates (W8477, W9846, and 
W9851 ) were obtained from leg wounds. Following 
16S rRNA gene analysis, all isolates were identified to 
belong to the genus Nocardia . 

To examine morphological features, isolates were 
grown aerobically using trypticase soy broth (TSB), 
heart infusion agar (HIA; Becton, Dickinson and Co, 
Sparks, MD) supplemented with 5 % rabbit blood, 
trypticase soy agar (TSA) supplemented with 5 % 
sheep blood (Becton, Dickinson and Co, Sparks, MD), 
heart infusion agar, and Middlebrook and Cohn 7H11 
agar with Oleic Albumin Dextrose Catalase supple¬ 
ment (OADC) at 35 °C for 4-7 days and then 
examined for microscopic and macroscopic features. 

Nocardia altamirensis DSM 44997 and Nocardia 
tenerifensis DSM 44704 were obtained from the 
Deutsche Sammlung von Mikrooganismen und Zellk- 
ulturen (DSMZ). Nocardia brasiliensis NBRC 14402 T 
was obtained from the NITE Biological Resource 
Center. N. brasiliensis HUJEG-1 (= ATCC 700358 
was obtained from the American Type Culture Col- 

nr 

lection (ATCC). Nocardia iowensis NRRL 5646 was 
provided by the Agricultural Research Service Culture 
Collection (NRRL). 

Genotypic analysis 

16S rRNA gene sequence analysis 

Purification of genomic DNA, amplification of a 
1,441-bp 16S rRNA gene fragment, primers and 
DNA sequencing were previously described (Lasker 
et al. 2011). DNA sequences were compared to 
GenBank reference sequences using BLASTn soft¬ 
ware. Sequences were aligned using CLUSTAL W 
found within the MEGA5.0 software (Tamura et al. 
2011). Phylogenetic analysis and corresponding trees 
were constructed using the algorithms for neighbour¬ 
joining (Saitou and Nei 1987), maximum-likelihood 
(Felsenstein 1981) and maximum parsimony (Kluge 
and Farris 1969) using MEGA5.0 software (Tamura 
et al. 201 1). The neighbour-joining tree in Fig. 1 shows 
the relationship of the eight clinical isolates within the 
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Nocardia vulneris W9908 (JN705253) 
Nocardia vulneris W9851 T (JN705252) 
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Nocardia vulneris W9865 (JN705255) 


Nocardia vulneris W9319 (JN705256) 
Nocardia vulneris W9846 (JN705251) 
Nocardia vulneris W9247 (JN705249) 

, Nocardia brasiliensis ATCC 19296 T (GQ217498) 
_ Nocardia altamirensis DSM 44997 T (EU006090) 


Nocardia tenerifensis DSM 44704 T (GQ217497) 


, Nocardia iowensis NRRL 5646 T (DQ925490) 

_ Nocardia takedensis JCM 13313 T (GQ376185) 


Nocardia blacklockiae ATCC 700035 T (GQ376162) 


, Nocardia transvalensis ATCC 6865 T (GQ217496) 

_ Nocardia wallacei ATCC 49873 T (GQ853074) 


I-1 

0.002 

Fig. 1 Neighbour-joining phylogenetic tree, within the Nocar¬ 
dia genus, based on 1,441-bp 16S rRNA gene sequence for 

'T 

strain W9851 . Bootstrap percentages based on 1,000 repli¬ 
cates; only values >50 % are shown. Bar , 0.005 substitutions 

Nocardia genus. Bootstrap replications were based on 
1,000 replicates; only bootstrap values >50 are shown. 

DNA-DNA hybridization 

For laboratory determination Cells were disrupted 
using a Constant Systems TS 0.75 KW (IUL Instru¬ 
ments, Germany) and DNA in the crude lysates was 
purified by chromatography on hydroxyapatite as 
described by Cashion et al. (1977). DNA-DNA 
hybridization was carried out in duplicate as described 
by De Ley et al. (1970) under consideration of the 
modification by Huss et al. (1983) using a model Cary 
100 Bio UV/VIS-spectrophotometer equipped with a 
Peltier-thermostat 6x6 multicell changer and a 
temperature controller with in situ temperature con¬ 
trol. Intraspecies DNA-DNA hybridization studies 
between the clinical isolates were omitted due to the 
low probability inferred from 16S rRNA gene simi¬ 
larities (100 %) that these strains would not belong to 
the identical species (Meier-Kolthoff et al. 2013b). 
The method of Mesbah et al. (1989) was performed to 
determine the G+C content of the novel type 


per nucleotide position. Branches also obtained using maxi- 
mum-likelihood and maximum-parsimony algorithms are indi¬ 
cated using asterisks. The extended tree from which this figure 
was taken is available as supplementary Fig. SI 

strain and later confirmed from the draft genome 
sequence. 

For in silico determination. Cells were freeze-dried 
and DNA extracted with standard procedures at LGC 
Genomics, Berlin. A paired-end DNA library was 
constructed and sequenced in one-half channel on an 
Illumina MiSeq V2 (2 x 250 bp mode). Error cor¬ 
rected sequence reads were de novo assembled with 
Newbler. In-silico hybridization with the 129 contig 
draft genome sequence of N. brasiliensis NBRC 
14402 t (BAFT00000000) was performed using the 
Genome-to-Genome Distance Calculator (GGDC) 2.0 
(Meier-Kolthoff et al. 2013a) through the DSMZ web 
service (ggdc.dsmz.de) and the ANI calculator (Goris 
et al. 2007). 

Phenotypic analyses 

Decomposition tests for adenine, casein, esculin, 
hypoxanthine, tyrosine, urea and xanthine; utilization 
of 22 carbohydrates as sole source of carbon; utiliza¬ 
tion of acetamide and citrate; arylsulfatase production 
and nitrate reduction; growth in lysozyme, growth at 
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25, 35 and 45 °C; Gram and modified Kinyoun acid- 
fast staining, were all conducted as previously 
described (Berd 1973; Conville and Witebsky 2007; 
Conville et al. 2008; Weyant et al. 1996; Yassin et al. 
1995). 

MICs to 11 antimicrobial agents were determined 
following the guidelines and interpretative breakpoints 
as recommended for the genus Nocardia by the CLSI 
(CLSI 2011) for ampicillin, amikacin, amoxicillin/ 
clavulanate, ceftriaxone, ciprofloxacin, clarithromy¬ 
cin, imipenem, linezolid, minocycline, moxifloxacin 
and trimethoprim/sulfamethoxazole. 

Chemotaxonomic analyses 

Assays of diaminopimelic acid stereoisomers and 
whole-cell sugars were performed by thin-layer chro¬ 
matography using the methods described previously 
(Rhuland et al. 1955; Lechevalier and Lechevalier 
1970). Isoprenoid quinones and polar lipids were 
extracted, purified and analyzed by the methods 
described by Minnikin et al. (1984). Analysis of 
isoprenoid quinones by HPLC was performed as 
described by Kroppenstedt (1982,1985). Cellular fatty 
acids were prepared by the method of Klatte et al. 
(1994) and the fatty acid methyl esters were then 
separated as described by Sasser (1990) using the 
Microbial Identification System (MIDI, Inc., Sherlock 
version 6.1). Standardization of the physiological age 
of the clinical isolates and reference strains cultures 
was obtained by choosing the sector from a quadrant 
streak of culture plates. Mycolic acid analysis was 
conducted as described (Kroppenstedt 1982, 1985; 
Baba et al. 1997). Mass spectra were recorded and 
analyzed using a Microflex L20 MALDI-TOF mass 
spectrometer and MALDI Biotyper 3.1 software (both 
Bruker Daltonics) as described previously (Toth et al. 
2008). 

Results 

Molecular analysis 

All eight 16S rRNA gene sequences obtained from the 
novel clinical isolates were found to be 100 % identical 
to each other (GenBank accession numbers JN705249 
to JN705256). BLASTn software (https://www.ncbi. 


nlm.nih.gov/blast/ was used to submit consensus 16S 
rRNA gene sequences for comparison of sequence 
similarity in the GenBank database. The eight clinical 
isolates formed a highly supported cluster within the 
genus Nocardia (Supplementary Fig. 1). Type strains 
showing the highest sequence similarity with the novel 
clinical isolates in the genus Nocardia were N. alta- 
mirensis DSM 44997 t (99.33 % similarity), N. brasil- 
iensis ATCC 19296 t (= NBRC 14402 T ; 99.37 %), N. 
iowensis NRRL 5646 t (98.95 %) and N. tenerifensis 
DSM 44704 t (98.44 %). Differences in sequence sim¬ 
ilarity from the novel clinical isolates to Nocardia type 
strains ranged from 9 bp for both N. altamirensis and N. 
brasiliensis to 21 bp for A. tenerifensis. Figure 1 shows 
a neighbour-joining tree showing the relationship to the 
closest related species of the genus Nocardia. 

Laboratory DNA-DNA hybridization studies were 
performed in duplicate between the clinical isolate 
W9851 t , N. altamirensis DSM 44997 T , N. brasiliensis 
NBRC 14402 t and A. brasiliensis HUJEG-1 (= ATCC 
700358). The level of DNA-DNA relatedness between 
W9851 t and strains A. altamirensis DSM 44997 T and 
A. brasiliensis NBRC 14402 T was 13.8 db 2.5 and 
72.5 zb 5.0 %, respectively. The borderline value for 
species delimitation between strain W9851 and the 
type strain of A. brasiliensis was also confirmed by an in 

nn 

silico DDH of the W9851 draft genome sequence 
(9.3 Mbp, 136 contigs; GenBank accession number 
JNFP00000000) and the A. brasiliensis NBRC 14402 T 
draft genome sequence (8.9 Mbp, 129 contigs, 
[BATF00000000]), which gave a value of 
65.8 db 2.9 % DDH. Comparison with the genome 
sequence of a second (non-type) strain of A. brasiliensis 
HUJEG -1 (= ATCC700358, 9.4 Mbp complete 
genome [CP003876]) gave a digital DHH value of 
61.2 db 2.8 %. Comparison of the draft genome 

nn 

sequences of strain W9851 and A. brasiliensis NBRC 
14402 using the ANI calculator resulted in an ANI 
value of 95.6 %. The G+C content for strain W9851 T 
was determined to be 68.4 mol % (wet-laboratory 
procedure) and 68.1 mol % and is consistent with the 
range for members of the genus Nocardia. 

Phenotypic characters 

All clinical isolates were found to be aerobic, Gram- 
stain positive, non-motile, filamentous, and weakly 
acid-fast with the modified Kinyoun acid-fast stain 
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Table 1 Phenotypic properties of eight N. vulneris clinical isolates 







Characteristics 

W9042 

W9247 

W9290 

W9319 

W9846 

W9851 

W9865 

W9908 

Utilization of: 

Adonitol 

— 

— 

— 

— 

— 

— 

— 

— 

L-arabinose 

— 

— 

— 

— 

— 

— 

— 

— 

D-cellobiose 

— 

— 

— 

+ 

— 

— 

— 

— 

Dulcitol 

— 

— 

— 

— 

— 

— 

— 

— 

i-Erythritol 

— 

— 

— 

— 

— 

— 

— 

— 

D-fructose 

A 

+ 

A 

+ 

+ 

+ 

+ 

A 

D-galactose 

A 

A 

+ 

A 

+ 

+ 

+ 

A 

D-glucose 

A 

+ 

+ 

A 

+ 

+ 

+ 

A 

Glycerol 

+ 

+ 

+ 

A 

+ 

+ 

+ 

A 

/-myo-inositol 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

A 

Lactose 

— 

— 

— 

— 

— 

— 

— 

— 

Maltose 

— 

— 

— 

— 

— 

— 

— 

— 

D-mannitol 

A 

A 

A 

+ 

+ 

+ 

+ 

A 

Mannose 

A 

+ 

A 

A 

+ 

+ 

+ 

Aw 

Melibiose 

— 

— 

— 

— 

— 

— 

— 

— 

Raffinose 

— 

— 

+w 

Aw 

— 

— 

— 

— 

L-rhamnose 

— 

— 

— 

— 

— 

— 

— 

— 

Salicin 

+ 

A 

+w 

Aw 

+ 

+ 

+ 

A 

d- sorbitol 

— 

— 

— 

— 

— 

— 

— 

— 

Sucrose 

— 

— 

— 

— 

— 

— 

— 

— 

Trehalose 

A 

A 

A 

A 

+ 

+ 

+ 

A 

D-xylose 

— 

— 

— 

— 

— 

— 

— 

— 

Growth at 25 °C 

+ 

+ 

+ 

A 

+ 

+ 

+ 

A 

Growth at 35 °C 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

A 

Growth at 45 °C 

— 

— 

— 

— 

— 

— 

— 

— 

Arylsulfatase production 

— 

— 

— 

— 

— 

— 

— 

— 

Hydrolysis of: 

Adenine (21 days) 

A 

A 

A 

A 

+ 

+ 

+ 

Aw 

Casein (14 days) 

+ 

+ 

+ 

A 

+ 

+ 

+ 

A 

Esculin (7 days) (browning7fluorescence b ) 

Aw/— 

Aw/— 

Aw/— 

Aw/— 

+w/— 

+w/— 

Aw/— 

Aw/— 

Hypoxanthine 

A 

+ 

+ 

+ 

+ 

+ 

A 

A 

Tyrosine 

A 

A 

A 

+ 

+ 

+ 

A 

A 

Urea (Christensen) 

+ 

A 

+ 

A 

+ 

+ 

A 

A 

Xanthine 

— 

— 

— 

— 

— 

— 

— 

— 

Utilization: 

Acetamide (7 days) 

— 

— 

— 

— 

— 

— 

— 

— 

Citrate (7 days) 

+ 

A 

Aw 

+w 

— 

+w 

A 

A 

Growth in lysozyme 

+ 

A 

+ 

+ 

+ 

+ 

A 

A 

Nitrate reduction (0.2 %) 

+ 

A 

+ 

+ 

+ 

+ 

A 

A 

Nitrite reduction (0.01 %) 

— 

— 

— 

— 

— 

— 

— 

— 

Lysis of 5 % rabbit blood agar plate 

A 

A 

A 

+ 

+ 

+ 

A 

A 

Lysis of 5 % sheep blood agar plate 

— 

— 

— 

— 

— 

— 

— 

— 
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Table 1 continued 

Characteristics 

W9042 

W9247 

W9290 

W9319 

W9846 

W9851 

W9865 

W9908 

Resistance to c : 









Clarithromycin (>8 pg/ml) 

R 

R 

R 

R 

R 

R 

R 

R 

Ciprofloxacin (>4 pg/ml) 

R 

R 

R 

R 

R 

R 

R 

R 

Imipenem (>16 pg/ml) 

R 

R 

R 

R 

R 

R 

R 

R 

Minocycline (>8 pg/ml) 

I 

I 

I 

I 

I 

I 

I 

I 


All data from this investigation unless indicated otherwise 
— negative, + positive, +w weak positive, I intermediately resistant, R resistant 
a Browning following the protocol from Remel fact sheet 
b Fluorescence according to Weyant et al. (1996) 

c The MIC resistance breakpoints that were used are those of the CLSI (2011) 


(Berd 1973). Colonies grown on TSA with 5 % sheep 
or HIA with 5 % rabbit blood were observed to be 
irregular, elevated, white after 3 days then turning light 
orange to tan with molar tooth shaped colonies after 
7 days. Aerial and substrate hyphae were observed to 
be present with abundant true branched filaments and 
grossly visible aerial hyphae after 5 days. Hemolysis 
was observed on HIA with 5 % rabbit blood but not on 
TSA with 5 % sheep blood after 7 days at 35 °C. The 
isolates were found to grow well on both Middlebrook 
and Cohn 7H11 and heart infusion agars. Colonies 
were observed to be pale yellow on the bottom and pale 
orange on top on Middlebrook and Cohn 7H11 agar 
after 3 days. Small, abundant, white colonies were 
observed following growth on heart infusion agar after 
3 days. As described by Goodfellow and Maldonado 
(2012), the morphologic characteristics for all eight 
clinical isolates are consistent with the members of the 
genus Nocardia. 

Table 1 shows the results for the utilization of sole 
carbon sources and decomposition tests for the novel 
clinical isolates. Strain W9851 was selected to 
represent the clinical isolates as the type strain. The 
phenotypic tests showed a wide range of phenotypi- 
cally consistent characters that were able to clearly 
distinguish the clinical isolates from their closest 
phylogenetic neighbours such as the N. altamirensis 
and N. brasiliensis type strains (Table 2). Results for 
antimicrobial susceptibility testing showed that all the 
isolates were resistant to ciprofloxacin, clarithromycin 
and imipenem but were susceptible to amikacin, 
amoxicillin/clavulanate, linezolid; and seven of eight 
clinical isolates were susceptible to trimethoprim/ 
sulfamethoxazole. 


Chemotaxonomic characteristics 

Whole-cell hydrolysates for the eight clinical isolates 
were found to contain meso- diaminopimelic acid as 
the sole whole cell-wall diamino acid with arabinose 
and galactose as the principle diagnostic whole-cell 
sugars (cell-wall chemotype IV sensu Lechevalier and 
Lechevalier 1970). Glucose, ribose and mannose were 
detected in minor quantities. The predominant men- 
aquinone (average 61.6 %) was identified as MK-8- 
(H 4 ) co-cyc; menaquinones MK-9 and MK-8-(H 2 ) were 
also detected averaging 19.2 and 10.5 %, respectively. 
Analysis of fatty acids indicated the presence of 
palmitic acid (C 16;0 ,39.4 %), tuberculostearic acid 
(10-methyl C 18:0 , 16.2 %), oleic acid (C 18;1 cis9 , 
15.5 %), and C 16;119 , 15.4 %). Predominant phospho¬ 
lipids were found to include diphosphatidylglycerol, 
phosphatidylethanolamine, phosphatidylinositol and 
phosphatidylinositol mannosides. Mono- and di- 
unsaturated mycolic acids were detected in the range 
of 38-60 carbon atoms with peak amounts at 42 
carbon atoms. Together the chemotaxonomic charac¬ 
ters are consistent with other Nocardia species 
(Kampfer et al. 2004). 

Overall the phenotypic profiles obtained for the 
eight clinical isolates were clearly different from 
the profiles observed for the closest phylogeneti- 
cally related Nocardia type strains allowing species- 
level identification (Table 2). MALDI-TOF mass 
spectra of the clinical isolates formed a coherent 
species level cluster within the genus Nocardia 
adjacent to the lineages of N. brasiliensis and N. 
altamirensis but distinctive from other species 

(Fig. 2). 
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Table 2 Phenotypic properties that distinguish the N. vulneris clinical isolates from the type strains of their closest phylogenetically 
related neighbors 


Characteristics 

Clinical isolates 
(n = 8) 

N. altamirensis 
DSM 44997 t 

N. brasiliensis 
ATCC 19296 t 

N. iowensis 
DSM 45197 t 

N. tenerifensis 
DSM 44704 t 

Utilization of: 

Adonitol 

— 

+ 

+ 

+ 

— 

L-arabinose 

— 

— 

+ 

— 

+ 

D-cellobiose 

-7/8 

+ 

— 

— 

— 

Dulcitol 

— 

— 

— 

— 

+ 

D-fructose 

+ 

+ 

+ 

— 

+ 

D-galactose 

+ 

+ 

+ 

— 

+ 

Glycerol 

+ 

— 

— 

+ 

+ 

Lactose 

— 

— 

+ 

— 

— 

Maltose 

— 

+ 

+ 

+ 

+ 

D-mannitol 

+ 

+ 

+ 

— 

+ 

Mannose 

+ 

+ 

— 

+ 

+ 

Melibiose 

— 

+ 

— 

— 

— 

Raffmose 

-6/8 

— 

— 

— 

— 

Salicin 

+ 

+ 

+ 

+ 

— 

d- sorbitol 

— 

+ 

— 

— 

+ 

Sucrose 

— 

+ 

+ 

+ 

+ 

Trehalose 

+ 

+ 

+ 

— 

— 

Growth at 35 °C 

+ 

— 

+ 

+w 

+ 

Growth at 45 °C 

— 

— 

— 

+w 

+w 

Hydrolysis of: 

Adenine (21 days) 

+ 

— 

— 

— 

— 

Casein (14 days) 

+ 

— 

+ 

+ 

— 

Hypoxanthine 

+ 

— 

+ 

+ 

+ 

Tyrosine 

+ 

— 

+ 

+ 

— 

Urea (Christensen) 

+ 

+ 

— 

+ 

+ 

Acetamide (7 days) 

— 

— 

— 

+ 

— 

Nitrate reduction (0.2 %) 

+ 

— 

— 

— 

— 

Lysis on 5 % rabbit blood agar 

+ 

— 

— 

— 

— 

Antimicrobial resistance to b : 

Ampicillin (>32 pg/ml) 

S 

s 

R 

R 

R 

Cefriaxone (>64 pg/ml) 

S 

s 

R 

R 

s 

Clarithromycin (>8 pg/ml) 

R 

I 

R 

R 

I 

Ciprofloxacin (>4 pg/ml) 

R 

I 

R 

I 

R 

Imipenem (>16 pg/ml) 

R 

s 

R 

I 

s 

Minocycline (>8 pg/ml) 

I 

s 

I 

s 

I 


All data from this investigation unless indicated otherwise. Varaible results: number negative isolates/total number of isolates 
— negative, + positive, +w weak positive, I intermediately resistant, S susceptible, R resistant 
a Assimilation of carbon source/utilization with acid production 
b The MIC resistance breakpoints that were used are those of the CLSI (2011) 
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Nocardia salmonioia DSM 40472 7 
Nocardia seriobe DSM 44129 7 
Nocardia niigatensisDSM 44670 T 
Nocardia yamanashiensis DSI.144669 7 
Nocardia concave DSM 44804 7 
Nocardia cyriacigeorgica DSM 444S4 7 
Nocardia asiatica DSF.144668 T 
Nocardia paucivorans DSM 44386 7 
Nocardia anaemiae DSM 44821 7 
Nocardia farcinica DSF.14366S 7 
Nocardia iestacea DSF.1 44765 7 
Nocardia sienata DSI.1 44766 7 
Nocardia kruczakiae DSF.1 44S77 7 
Nocardia aobensis DSF.144805 7 
Nocardia nova DSF.1 44481 7 
Nocardia elegans DSI.1 44890 7 
Nocardia africana DSI.1 44491 7 
Nocardia thailandica DSI.1 44808 7 
Nocardia vermicutata DSF.1 44807 7 
Nocardia transvalensisDSU 43405 7 
Nocardia higoensisDSU 44732 7 
Nocardia ignorata DSI.1 44496 7 
Nocardia otitidiscaviarumDSM 43242 7 
Nocardia arthritkJisDSlA 44731 7 
Nocardia pneumoniae DSI.1 44730 7 
Nocardia exalbida DSF.144883 7 
Nocardia araoensisDSIA 44729 T 
Nocardia abscessusDSlA 44432 T 
Nocardia altamirensis DSI.14499T 7 
Nocardia brasfiiensis DSF.143758 7 


t Nocardia vulneris DSI.145739 
Nocardia vulneris DSI.145735 
tr Nocardia vulneris DSI.14573T 7 
-* - 1 Nocardia vulneris DSI.145732 

I Nocardia vulneris DSI.145733 
Nocardia vulneris DSI.145736 
Nocardia vulneris DSM 45738 
Nocardia vulneris DSM 45734 
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Fig. 2 Score-oriented dendogram generated by the MALDI- 
BioTyper software (version 3.1, Bruker Daltonics) showing the 
similarity of MALDI-TOF mass spectra of cell extracts of the 
clinical isolates and of selected type strains of the genus 


Nocardia. Mass spectra of the clinical isolates, of N. brasiliensis 
NBRC 14402 t and N. altamirensis DSM 44997 T were obtained 
in the present study. Spectra of all other type strains originate 
from the database of the MALDI Biotyper 


Discussion 

The morphologic and chemotaxonomic characters for 
the eight clinical isolates characterized in this inves¬ 
tigation are consistent with classifying these isolates 
within the genus Nocardia (Goodfellow and Maldo¬ 
nado 2012). For instance, all strains produce aerial and 
substrate hyphae on TSA supplemented with sheep 
blood and pale orange to tan molar tooth shaped 
irregular colonies were observed. Microscopically, 
cells are cocco-bacilli with extensively branched 
hyphae. Analysis of bacterial protein composition by 
MALDI-TOF of the clinical isolates showed them to 
represent a distinct cluster within the genus Nocardia. 
The G+C ratio of 68.4 mol % is within the range 
previously observed for the genus Nocardia. Together, 
these results of the morphological and chemotaxo¬ 
nomic characters of the clinical isolates are consistent 
with those of the members of the genus Nocardia. 

Analysis of the 16S rRNA gene sequences show the 
eight clinical isolates formed a distinct monophyletic 
clade within the genus Nocardia supported by a 
bootstrap value of 99 % and distinct from the N. 
altamirensis and N. brasiliensis type strains as shown in 
Fig. 1 . Of importance are the measurements of DNA- 


DNA relatedness observed between clinical isolate 
W9851 t and N. brasiliensis NBRC 14402 T : laboratory 
and in silico DDH gave values of 72 and 66 %, 
respectively, whilst the ANI was 95.6 %. The labora¬ 
tory generated DDH value falls within the transitional/ 
borderline (or gray zone) around 70 % DNA-DNA 
relatedness as suggested by Wayne et al. (1987) 
indicating isolates within a species but lower than 
80 % relatedness recommended as a boundary by 
Grimont (1988). The ANI value of 95.6 % is not 
conclusive, because it is exactly on the borderline for 
species delimitation (95-96 %) as recently described by 
Kim et al. (2014). However, the digital DDH value 
generated using GGDC 2.0 (Meier-Kolthoff et al. 
2013a) delivered a resilient result with a confidence 
value (65.8 ± 2.9 % DDH) that supports the delimita¬ 
tion of the two strains. The 70 % DNA-DNA related¬ 
ness criteria suggested by Wayne et al. (1987) has been 
criticized by both Sneath (1989) and Felsenstein (2004) 
as indicative, but too rigid a boundary for species 
definition and for imposing an arbitrary division of 
species since inclusion within the theoretical limit does 
not ensure a monophyletic group. Values for DNA- 
DNA relatedness in laboratory experiments have been 
shown to be influenced by the potential for experimental 
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error (Sneath 1989), the experimental method, and 
disproportionate genome sizes, especially for values in 
the transitional gray zone, near the 70 % threshold. In 
such cases of significant but low DNA-DNA related¬ 
ness, phenotypic characteristics, and especially pheno¬ 
typic coherence among isolates has been included as 
important considerations for species delineation (Vand- 
amme et al. 1996; Wayne et al. 1987). Phenotypic 
characters should be unique and definable in order to 
clearly be recognized to provide for coherent classifi¬ 
cation. As shown in Table 2, the novel clinical isolates 
are readily distinguished phenotypically from the 
closest phylogenetically related Nocardia species; 11 

rji 

of 33 phenotypic tests distinguish between W9851 and 
N. brasiliensis NBRC 14402 T . Unlike N. brasiliensis , 
clinical isolate W9851 is able to utilize glycerol and 
mannose but not adonitol, lactose or maltose. Compared 
to N. brasiliensis NBRC 14402 T , isolate W9851 T is able 
to hydrolyze adenine, utilize urea, reduce nitrate and 
able to lyse HIA rabbit blood after 7 days. Antimicro- 
bial susceptibility profiles showed W9851 to be 
susceptible to ampicillin and ceftriaxone, whereas the 
N. brasiliensis type strain is resistant. Wallace et al. 
(1988) reported on the use of common susceptibility 
profiles among strains to be an important adjunct 
method for species identification. In the present study, 
the eight clinical isolates were geographically limited to 
North America and only isolated from wounds, whereas 
N. brasiliensis has been associated with cutaneous 
infections and as the primary source of mycetomas in 
the Americas (Vera-Cabrera et al. 2013). The clinical 
isolates are differentiated from N. altamirensis by their 
ability to utilize glycerol, hydrolysis of adenine, casein, 
hypoxanthine and tyrosine, nitrate reduction and lysis of 
HIA supplemented with rabbit blood but are unable to 
utilize adonitol, D-cellobiose, maltose, melibiose, d- 
sorbitol, or sucrose. Phenotypic differences from N. 
tenerifensis include the inability to utilize salicin and 
trehalose, weak growth at 45 °C, ability to hydrolyze 
adenine, casein or tyrosine and nitrate reduction. N. 
iowensis is able to grow at 45 °C and use acetamide, but 
not able to hydrolyze adenine, utilize D-fructose, d- 
galactose, or D-mannitol, or lyse HIA supplemented 
with rabbit blood. 

Analysis of near full length 16S rRNA gene 
sequences and MALDI-TOF profiles were able to 
clearly distinguish the new clinical isolates from other 
Nocardia species even though no definitive threshold 


limits have been suggested for analysis by MALDI- 
TOF. The results obtained in this investigation using 
polyphasic analysis are consistent with the clinical 
isolates being members of a novel species of the genus 
Nocardia for which N. vulneris sp. nov. is the 
proposed name. 

Description of N. vulneris sp. nov. N. vulneris 
(vul’ne.ris. L. gen. n. vulneris , of a wound). 

An aerobic, non-motile, Gram-stain positive, weakly 
acid-fast actinomycete obtained primarily from 
wound infections. Forms pale orange to tan, molar 
tooth shaped colonies with abundant aerial and 
substrate hyphae on HIA with rabbit blood, TSA with 
sheep blood, Middlebrook and Cohn 7H11 agar with 
OADC and heart infusion agar. Hemolysis of HIA 
supplemented with rabbit blood is observed after 
7 days at 35 °C but not on TSA supplemented with 
sheep blood. Utilizes and produces acid from d- 
fructose, D-galactose, D-glucose, glycerol, i-myo-ino- 
sitol, D-mannitol, mannose, salicin, and trehalose, but 
does not utilize adonitol, L-arabinose, D-cellobiose 
(most strains), dulcitol, i-erythritol, lactose, maltose, 
melibiose, raffinose (most strains), L-rhamnose, d- 
sorbitol, sucrose, and D-xylose. Utilizes citrate (most 
strains) as a sole carbon source but not acetamide as a 
carbon or nitrogen source. Grows in the presence of 
lysozyme, reduces nitrate but not nitrite, but has no 
arylsulfatase activity. Hydrolyses urea, adenine, 
casein, hypoxanthine, and tyrosine but does not 
hydrolyse xanthine. Esculin hydrolysis is weakly 
positive by browning but negative by UV light 
absorption. Grows at 25 and 35 °C but not 45 °C. 
Whole-cell hydrolysates contain meso- diaminopim- 
elic acid and arabinose and galactose (cell-wall 
chemotype IV sensu Lechevalier and Lechevalier 
1970). MK-8-(H 4 ) co _ cyc and MK-9 are the predominant 
menaquinones with minor amounts of MK-8 (H 2 ). 
Polar lipids are diphosphatidylglycerol, phosphatidyl- 
ethanolamine, phosphatidylinositol and phosphatidyl- 
inositol mannosides. The major fatty acids of the type 
strain are composed of palmitic acid (C 16;0 ), tubercul- 
ostearic acid (10-methyl C 18;0 ), oleic acid C 18;1 cis9 and 
Ci6;i t 9 - Stearic acid, pentadecylic acid and margaric 
acids are present in minor amounts. The principle 
my colic acids are mono- and di-saturated and have a 
chain length of 38-60 carbon atoms. The DNA G+C 
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content of the type strain is 68.4 mol % (68.1 mol % 
from the 9.4 Mbp draft genome sequence). 

The type strain W9851 T (= DSM 45737 T = CCUG 
62683 t = NBRC 108936 T ) was isolated from a 
54-male patient with a leg wound in the state of Illinois. 
The GenBank accession number of the 16S rRNA gene 
sequence of the type strain is JN705252 and the 
accession number for the draft genome sequence is 
JNFP00000000. 
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